Context: Diurnal rhythms of LH and FSH have been reported in normal women, but it is unclear whether these reflect underlying circadian control from the suprachiasmatic nucleus and/or external influences.
C
hanges in the patterning of gonadotropin secretion provide powerful insights into physiological control mechanisms. Pulsatile gonadotropin secretion is widely used to reflect the underlying characteristics of pulsatile GnRH secretion. Diurnal patterns of hormone secretion provide further insights into the neuroendocrine control of reproductive hormones. Diurnal patterns are defined as changes in serum levels that occur over a 24-h period and reflect the combined influences of underlying circadian rhythms initiated in the suprachiasmatic nucleus and environmental signals. Endogenous self-sustaining circadian rhythms that persist in the absence of environmental stim-uli are thought to represent a primary mechanism through which the body coordinates the timing of its activities with the outside environment. Light is a powerful synchronizer of circadian rhythms with the external environment. External factors such as the timing and quantity of nutritional intake, sleep, and activity may further modify biological patterns across a 24-h period (1, 2) . Endogenous circadian rhythms have been clearly shown for cortisol, melatonin, and TSH as well as core body temperature, the classic marker of circadian rhythms across species (3, 4) . Although there are known diurnal changes in reproductive hormones in a variety of physiological settings, the relative contributions of endogenous circadian control and/or exogenous modifiers have yet to be determined.
Control of reproductive function in rodents appears to have a strong circadian component. A neuronal signal confines the gonadotropin surge to the late afternoon of proestrus (5, 6) , and importantly, ablation of the suprachiasmatic nucleus disrupts the estrous cycle (7, 8) . Twenty-four-hour rhythms of gonadotropins have been reported in both men (9) and women (10 -14) . However, sleep is known to have profound effects on gonadotropin secretion during puberty and in specific phases of the menstrual cycle (15, 16) . This was clearly demonstrated in our previous sleep-reversal studies in women in the early follicular phase (15) . These studies also suggested the possibility of an additional circadian effect, but conditions were not controlled to address this question.
Application of a constant routine protocol of sleep/ wake, light, temperature, position, and nutritional cues, which has been widely used to investigate circadian rhythms (17) , failed to demonstrate changes in LH or FSH across a 24-h period in postmenopausal women despite the preservation of normal circadian changes in temperature, cortisol, and TSH (18) . These studies suggest the absence of underlying circadian control of GnRH and/or pituitary responsiveness. However, aging is known to significantly dampen circadian rhythms of temperature, TSH, and cortisol (19 -21) , and thus we cannot exclude the possibility of an underlying circadian rhythm of the reproductive axis in younger women.
The current study was, therefore, designed to determine whether endogenous circadian rhythms of LH and FSH are present in reproductive-aged women. Increases in menstrual cycle dysfunction, infertility, and spontaneous abortion have been documented in women who work rotating shifts (22) (23) (24) . Thus, the information derived from an understanding of the factors that influence the central control of reproductive function is essential for determining optimal management strategies for the significant number of women with reproductive abnormalities in the setting of shift work or transmeridian travel.
Subjects and Methods

Subjects
Eleven women aged 23 to 33 yr with a body mass index of 30 kg/m 2 or less were recruited for participation in this study. All subjects were nonsmokers in good health, as determined by physical exam, complete Beck's depression questionnaire, normal complete blood count, and urine toxicology screen. Patients had normal TSH levels and no history of thyroid disease. All women reported having normal menstrual cycles between 25 and 35 d in length and denied transmeridian travel within the previous 3 months. The subjects were not on any medications during the study, had not taken any gonadal steroids within the previous 6 months, and had no history of sleep disorders. The study was approved by the Institutional Review Board at the Massachusetts General Hospital, and a written informed consent was obtained from each subject before participation.
Experimental protocol
Subjects maintained a regular sleep-wake schedule for at least 4 wk and abstained from alcohol and caffeine for at least 7 d before their inpatient visit. Ovulatory cycles were confirmed for at least two cycles by urine ovulation tests, basal body temperature recordings, or luteal phase progesterone levels before the inpatient visit. During this time, a nutritional assessment was performed by nutritionists in the General Clinical Research Center (CRC) at the Massachusetts General Hospital. Resting energy expenditure was determined by indirect calorimetry (EMS/50; Life Energy Systems, Murray, UT) (25) for determination of basal energy expenditure using the Harris-Benedict equation.
Between d 1 and 7 after the onset of menses, each subject was studied during a 48-h inpatient admission at the CRC. Subjects began their inpatient visit at 1800 h and received a meal consisting of 40% of the calories to maintain body weight with no caffeine. Subjects then fasted until the start of their constant routine the following morning. Subjects went to bed at their usual sleep time. Nurses checked periodically during the night to confirm sleep. Subjects were awakened 8 h later and had a peripheral iv catheter placed within 1 h of wake time. The subjects then began a 32-h constant routine during which conditions of constant room lighting (50 -100 lux), activity (bed rest), posture (recumbent at 45°angle), wakefulness, and nutritional intake were maintained (17) . Subjects were instructed to remain awake during the entire 32-h period, and wakefulness was monitored by wrist activity monitors (Mini-Logger 2000; Mini Mitter Co., Bend, OR) and hired sitters. Isocaloric feeding was customized using the patient's basal energy expenditure to provide calories as 50% carbohydrate, 35% fat, and 15% protein and provided parenterally (n ϭ 4) or in the form of hourly snacks (n ϭ 7). Core body temperature, an established marker of circadian rhythms (3, 4) , was recorded once per minute for the entire 32-h constant routine using an indwelling rectal probe.
During the first 5 h of the constant routine, the subjects received saline flushes every 30 min to acclimatize them to the frequent blood sampling. After the acclimatization period, frequent samples were drawn via the iv catheter at 10-min intervals for 27 h using a blood sparing technique previously described (26) . Blood samples were assayed for LH, FSH, free ␣-subunit (FAS), and estradiol as markers of hypothalamic-pituitary-ovarian activity. TSH was assayed as a circadian marker and because FAS is secreted from both the gonadotrope and thyrotrope under the control of GnRH and TRH, respectively.
Assays
Serum LH, FSH, and estradiol were measured as previously described (27, 28) . LH and FSH levels are expressed in international units per liter as equivalents of the Second International Pituitary Standard 80/552 for LH and the Second International Pituitary Reference preparation 78/549 for FSH. The intraassay coefficients of variation (CVs) for LH and FAS were 5.18 and 4.32%, respectively, with assay sensitivities of 0.3 and 0.7 IU/liter for LH and FSH, respectively. The interassay CV for the estradiol assay was 9.2%. FAS, measured by RIA as previously described (29), had an interassay CV of 5.0% and an assay sensitivity of 30 pg/ml. Serum TSH was assayed using an automated microparticle enzyme immunoassay (IMX System; Abbott Diagnostics, Chicago, IL) with a sensitivity of 0.02 g/ml, as previously described (18) . For quality controls ranging from 0.25 to 30.5 IU/ml, the interassay CV of TSH was less than 10% for all three levels.
Data analysis
To objectively determine the presence of a circadian rhythm, the data were analyzed using three SAS-based models: a linear model, a cosinor model, and a model that combines linear and cosinor terms. Akaike Information Criteria was then used to determine which model best fit each data series: AIC ϭ log(mean square error) ϩ #terms‫(/2ء‬number of data points Ϫ 1) (30). The Akaike Information Criteria uses both the fit of a particular model and the complexity of the model to generate a value that can be compared across models. The model with the lowest Akaike Information Criteria value is determined to be the model that best fits the data.
LH and FAS pulses were analyzed using a validated modification of the original Santen and Bardin algorithm (31, 32) . Undetectable values were assigned the lowest measurable assay value and missing values (Ͻ1% of the total) were ignored. Mean amplitudes and interpulse intervals were calculated for each subject for evening, night, and morning. The amplitude for each pulse was calculated as the difference between the preceding nadir and the peak, whereas the interpulse interval was calculated as the interval between consecutive peaks. For assessment of pulse frequency and amplitude, data were indexed to the habitual time of onset of sleep for each subject and divided into evening (0 -8 h), night (8 -16 h), and morning (16 -24 h). Repeatedmeasures ANOVA was used to compare pulse amplitudes and interpulse intervals between evening, night, and morning.
Baseline characteristics are expressed as mean Ϯ SD, and all other results are expressed as mean Ϯ SEM. P Ͻ 0.05 was accepted as significant.
Results
Baseline characteristics
Subjects (n ϭ 11) were 28.4 Ϯ 4.7 yr old (mean Ϯ SD) with a body mass index of 23.8 Ϯ 3.6 kg/m 2 (range, 18.6 -29.8 kg/m 2 ). The inpatient study was conducted on cycle d 4.1 Ϯ 2.1 in relation to menses and Ϫ10.0 Ϯ 2.0 d from ovulation. Of the 11 women that participated, five were Caucasian, three were African-American, two were Asian, and one was Hispanic. The range of bedtimes was 2200 -2400 h, with an average of 2300 h.
Circadian study
Actigraphy data indicated that all subjects remained awake for the duration of the constant routine protocol, confirming sitter reports (Fig. 1) . Circadian rhythms were present for core body temperature and TSH (Fig. 2) . The temperature curves for each of the subjects were best fit by a sinusoidal term with a nighttime nadir. The mean amplitude of the rhythm was 0.24 Ϯ 0.02 C. The time of the nadir was 11.7 h (3.7 h after habitual bedtime), which corresponds to approximately 0300 h. TSH rhythms for each subject demonstrated a nighttime rise and were also best fit by a sinusoidal term. The mean amplitude of the TSH rhythm was 0.63 Ϯ 0.1 mIU/liter. The time of the maximum was 12.3 h (4.3 h after habitual bedtime), which corresponds to approximately 0330 h.
In contrast, FSH and LH were best fit by a linear model with no evidence of a sinusoidal component (Figs. 1 and  2 ). Consistent with this finding, mean estradiol did not change significantly between evening, night, and morning, with an overall mean of 49.7 Ϯ 3.0 pg/ml (182 Ϯ 11   FIG. 1 . Activity counts, temperature, LH, and FSH levels over 24 h in a subject studied during a 32-h constant routine. The gray shaded area represents the subject's habitual sleep time, during which she was kept awake. Note the circadian rhythm of temperature, but the lack of evidence of a circadian rhythm of LH or FSH. Inverted triangles mark statistically identified LH pulses.
pmol/liter). Despite the presence of a sinusoidal rhythm for TSH, FAS was also best fit by a linear model alone (Fig.  2) , indicating that the 24-h levels of FAS are more reflective of control by GnRH than TRH.
Pulsatile secretion of GnRH was equally represented by LH and FAS in these women studied in the early follicular phase. Interpulse intervals did not vary over the 24-h constant routine, nor was there a difference in pulse amplitudes between evening, night, and morning for LH and FAS (Fig. 3) .
Discussion
Although endogenous circadian rhythms contribute to the 24-h variability in melatonin, cortisol, TSH, and to a lesser extent GH, prolactin, and PTH (3), there has yet to be established a true circadian rhythm of gonadotropins in women or men. Using a study design that controlled environmental cues and prohibited sleep (17), we have now demonstrated the absence of circadian rhythms in LH, FSH, and FAS in young women during the early follicular phase of the menstrual cycle. The presence of prominent circadian rhythms of core body temperature and TSH, both well-established endogenous rhythms (4, 33) , validated the protocol and reinforced the absence of endogenous 24-h rhythms of gonadotropins in these subjects.
Diurnal changes in gonadotropin levels have been well documented in puberty and in adult men and women. In puberty, the nocturnal augmentation of gonadotropin levels has been shown to be due to sleep rather than time of day (34, 35) . In adult men, a nighttime rise in LH (9) and an early morning rise in testosterone (9, 36) and inhibin B (37) have been noted under normal sleep-wake conditions, but sleep and circadian components have not been dissected. In adult women, diurnal rhythms of LH and FSH have been widely documented during the early follicular phase with conflicting results in other phases of the menstrual cycle (10 -14) . Unlike the sleep-related stimulation of gonadotropin secretion in puberty, sleep specifically inhibits gonadotropin secretion in early follicular phase women (15, 16) . Our previous sleep-reversal study demonstrating the profound inhibitory effect of sleep on pulsatile GnRH/LH secretion also included a 24-h period of wake, during which mean LH was higher in the evening compared with day or night (15) . Although this study suggested the possibility of an underlying circadian rhythm, it was not controlled for other environmental influences such as nutritional intake and meal timing. In addition, subjects were not consistently protected from exogenous cues such as changes in light or knowledge of time of day.
We have previously demonstrated the absence of daynight differences in LH, FSH, and FAS, as well as LH and FAS pulse frequency and amplitude under a strict 24-h constant routine protocol in postmenopausal women, although blood drawing constraints did not allow for blood sampling across the full 24-h period (18) . Some circadian rhythms are known to dampen with age (19 -21) , but the present studies indicate that the absence of circadian rhythms of gonadotropins and GnRH is characteristic of the reproductive axis in young as well as older women. The 
FIG. 2.
Mean ϩ SEM of temperature, FSH, LH, FAS, and TSH levels (n ϭ 11). The gray shaded area represents subjects' habitual sleep time, during which they were kept awake for the constant routine. Temperature and TSH are best fit with a sinusoidal model, whereas FSH, LH, and FAS are best fit with a linear model. current study focused on women in the early follicular phase for two reasons. The first is that previous diurnal studies demonstrated that 24-h gonadotropin rhythms are most consistently seen in this phase of the cycle. In addition, the relatively low estrogen environment is most comparable to that of postmenopausal women in whom we had previously documented the lack of apparent circadian rhythms of gonadotropins. The current study, which carefully controlled exogenous cues, indicates that endogenous circadian rhythms do not contribute to diurnal gonadotropin secretion in women in the early follicular phase. Taken together, these studies suggest that, in the absence of underlying circadian control, both sleep and other environmental factors contribute to the diurnal variability in gonadotropin levels in women.
There is ample evidence from both animal and human studies that pulsatile LH secretion directly reflects underlying GnRH secretion. There is also evidence that, in euthyroid women, the pulsatile component of FAS secretion is under the direct control of GnRH, whereas baseline levels of FAS are supported by TRH (38) . In the current study, we used both LH and FAS as markers of pulsatile GnRH secretion because previous studies have shown that FAS may be a preferable marker in settings of high frequency and/or low estrogen (31, 39) . The absence of changes in the amplitude or frequency of pulsatile secretion of both LH and FAS over the 24-h constant routine supports the absence of circadian control of hypothalamic GnRH secretion in early follicular phase women.
The most compelling evidence for the circadian control of reproduction in rodents is the precisely timed proestrous gonadotropin surge, which is dependent on a high estrogen environment (5, 40) . Although we cannot exclude the possibility that reproductive circadian rhythms in women might emerge in a different hormonal milieu, most (10, 14, 41) , but not all (13, 42) , diurnal studies in the high estrogen environment of the late follicular phase do not support this hypothesis. Importantly, whereas Clock mutants have disrupted estrous cyclicity and increased pregnancy loss (43), the effect is relatively subtle (44) , suggesting that even in rodents there is considerable redundancy in the control of reproduction, and endogenous circadian controls may be less important than previously thought. It is tempting to speculate that in the absence of circadian control, the reproductive axis in women may be more sensitive to disruption by exogenous influences such as the sleep disturbance associated with shift work or factors such as exercise or nutritional imbalance that can lead to hypothalamic amenorrhea (45) .
A potential limitation of this study is that although light exposure remained constant throughout, these studies were conducted at 50 -150 lux, which has been shown to suppress, but not abolish, circadian rhythms of melatonin. The intensity of light exposure in the current study did not abolish circadian rhythms of core body temperature or TSH, and thus we do not expect that this would have been the case for the gonadotropins. The characteristics of the TSH rhythm in the current study closely mimic those in previous studies with a similar time of peak and amplitude (33) . Although an additional potential limitation of this study is the relatively small number of subjects studied, post hoc analysis indicates that the study was adequately powered to detect a difference in pulse frequency and amplitude of less than 10% and less than 25%, respectively.
In conclusion, the results from these studies indicate the absence of circadian rhythms of gonadotropins and FAS in the early follicular phase, despite the presence of robust circadian rhythms of temperature and TSH. These studies resolve interests from our previous work and are the first to be conducted under a strict 24-h constant routine protocol that permits investigation of underlying circadian rhythms of the reproductive axis in women. These studies further suggest that menstrual cycle disturbances and reproductive dysfunction reported in women working night or rotating shifts (22) (23) (24) do not result from alterations of circadian rhythms, but more likely result from the impact of sleep disruption on GnRH pulse frequency and FSH secretion and/or effects of stress or other changes in environmental cues on the reproductive axis.
